Abstract. The possibility that a significant part of the energy of the planetary-wave disturbanees of the troposphere may propagate into the upper atmosphere is investigated. The propagation is analogous to the transmission of electromagnetic radiation in heterogeneous media.
INTRODUCTION
Motions in the upper atmosphere are of two kinds, those whose immediate sources of energy are in the upper atmosphere itself and those whose energy is transmitted from the lower atmosphere. An example of the former is ionospheric turbulence. An example of the latter is the solar semidiurnal tide, in which the gravitational attraction of the sun, acting on the lower, massive, part of the atmosphere, produces an upward-propagating gravity wave. Certain irregular motions in the D and lower E regions of the ionosphere, which have been revealed by observations of meteor trails, may also, as has been suggested by Hines [1959] , be due to the propagation of gravity waves from the lower atmosphere.
Little is known of the long-period, planetaryscale motions in the upper atmosphere, although motions of this type in the troposphere contain vastly greater energy, an atmospheric corona would in all likelihood be produced. The kinetic energy density in the lower troposphere is of the order of 108 ergs cm -8. If this energy were to travel upward with little attenuation and be converted into heat by friction or some other means at, say, 100 km, where the density is diminished by a factor of 10 -6, it would raise the air temperature to about 100,000øK. At such temperatures most of the atmosphere would escape the earth's gravitational field. It is important for the understanding of the upper atmospheric motions to know why this does not occur, i.e., why the tropospheric energy is so effectively trapped.
The reverse problem, the mechanical propagation of energy from the upper into the lower atmosphere, has received some attention because of hopes of associating weather changes with fluctuations in electromagnetic or corpuscular radiation from the sun. At the moment it seems that these hopes are doomed to disappointment, for by any physical consideration so far advanced the energies involved are insignificant.
Vertical propagation in planetary wave systems has previously been studied by Charney [1949] , who found the speed of energy propagation in the vertical (vertical component of group velocity) to have a maximum value of about 5 km per day at middle latitudes. This work was extended by Ooyama [1958] to the downward propagation of a pulse in a resting atmosphere. I-Its results 'lent little support to proposals of the existence of anomalous solar-weather relationships. ' Charney was concerned with the upper atmosphere only as a boundary for the lower atmosphere, and both he and Ooyama took the atmosphere to be at rest with respect to the moving earth. But it can be shown that the transmissivity of the upper atmosphere to planetary waves is exceedingly sensitive to the mean zonal wind structure. Indeed, we shall show in the present paper that it is primarily the variation of mean zonal wind with height that gives rise to the energy trapping. In the following, we present the results of an investigation into the vertical propagation of planetarywave disturbances in an atmosphere with arbitrary vertical gradients of temperature and mean zonal wind.
DERIVATION OF THE WAVE EQUATION
We shall be concerned with wave disturbances whose horizontal wavelengths are comparable in size with the earth's radius and whose orbital periods are large compared with the period of the earth's rotation. Such disturbances are certainly quasi-hydrostatic in the sense that the vertical components of the forces of pressure and gravity are nearly in balance. That they are also quasi-geostrophic, i.e., that the horizontal components of the pressure and Coriolis forces are nearly in balance, may be seen as follows. Let U be a characteristic horizontal particle or phase velocity, S a characteristic horizontal length, and 9 the angular speed of the earth's rotation. We construct the Rossby number
Ro ----U/95
which measures the ratio of the horizontal component of the inertial force to that of the Coriolis force. Since this number is of the order 10 -• or less for the planetary waves, the flow is quasigeostrophic.
The equations of motion in the small Rossby number regime may be greatly simplified by the systematic use of the hydrostatic •nd geostrophic approximations to 'filter out' the irrelevant high-frequency motions [Charney, 1948] . Let p be the pressure, p the density, v the velocity, g the acceleration of gravity, z the upward-directed vertical coordinate, k a unit For simplicity we refer the motion to the Rossby /• plane, a device that enables us to ignore the unimportant but complicated geometrical effect of the earth's curvature while retaining its dynamical effect. The curvature of the earth is ignored, but the variability of f is retained on the right-hand side of equation 2.12; elsewhere it is set equal to a mean value fo corresponding to a mean latitude •0 which is usually taken to be 45 ø. We take a Cartesian coordinate system with the x axis directed eastward and the y axis northward. The velocity components in these directions are denoted by u and v.
In the undisturbed state of the atmosphere the potential temperature is assumed to vary vertically and horizontally according to the law In 0o(y, z) = In •(z) q-y A(z) (2 In section 6 we gave a number of models of layer atmospheres. Subject to mathematical tractability and s•plicity, we chose the models to represent aspects of the real atmosphere most relevant to our study. Here we summarize a few numerical results with parameters typical of temperature and velocity structure at various heights and seasons. We hope to gain a view of the whole by study of these details.
In We note that there is a jump in • at the tropopause due to discontinuities in N • and duo/dz. Wave reflection at a discontinuity was discussed in section 6, and a numerical example was worked out in section 7. In general a discontinuity between two layers transmits a large part of the energy unless the index of refraction in the upper layer is imaginary.
Since the winds in the upper troposphere and mesosphere reverse in direction from summer to winter, we might look for intermediate periods in which transmission into these regions becomes possible. Batten [1960] In summary, we conclude that the escape of large amounts of planetary-wave energy from the troposphere into the upper atmosphere is prevented throughout most of the year by the easterly or large westerly zonal winds above the tropopause. If propagation does take place, it must be during the spring or for a brief period in the autumn. But even then there is apparently enough trapping to prevent the occurrence of an atmospheric corona at the dissipative levels. In any event the upper atmosphere acts as a selective shor•-wave filter so that the long planetary waves produced by forced flow over continents or by differential heating over continents and oceans are more likely to penetrate to high levels than the shorter waves generated spontaneously by baroclinic instability. Since in most of the year planetary-wave energy is trapped in the lower stratosphere, the circulation The rigorously required nonlinear boundary condition seems intractable, but it is also unwarranted in view of other approximations we have made (e.g., the assumption that the height of the mountain is much less than the height of the tropopause, and the linearization of the equations of flow). We aim to do no more than construct a consistent model close enough to the real atmosphere to estimate the nature and magnitude of vertical energy propagation. This may be done by taking Wt ?-WoBi(kz+
